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Abstract The western Greater Caucasus formed by the tectonic inversion of the western strand of the
Greater Caucasus Basin, a Mesozoic rift that opened at the southern margin of Laurasia. Subsidence
analysis indicates that the main phase of rifting occurred during the Aalenian to Bajocian synchronous with
that in the eastern Alborz and, possibly, the South Caspian Basin. Secondary episodes of subsidence during
the late Tithonian to Berriasian and Hauterivian to early Aptian are tentatively linked to initial rifting within
the western, and possibly eastern, Black Sea and during the late Campanian to Danian to the opening of the
eastern Black Sea. Initial uplift, subaerial exposure, and sediment derivation from the western Greater
Caucasus occurred at the Eocene-Oligocene transition. Oligocene and younger sediments on the southern
margin of the former basin were derived from the inverting basin and uplifted parts of its northern margin,
indicating that the western Greater Caucasus Basin had closed by this time. A predominance of pollen
representing a montane forest environment (dominated by Pinacean pollen) within these sediments
suggests that the uplifting Caucasian hinterland had a paleoaltitude of around 2 km from early Oligocene
time. The closure of the western Greater Caucasus Basin and signiﬁcant uplift of the range at approximately
34Ma is earlier than stated in many studies and needs to be incorporated into geodynamic models for the
Arabia-Eurasia region.
1. Introduction
The southern margin of Laurasia/Eurasia (Figure 1) has undergone a protracted and complex history of exten-
sion and compression during the opening and subsequent northward closure of various strands of the Tethys
Ocean [Dercourt et al., 1986; Golonka, 2004; Nikishin et al., 2012; Okay and Nikishin, 2015; Şengör and Natalˈin,
1996]. This history culminated in the collision of the African-Arabian-Indian continents and led to the ﬁnal
elimination of much of Tethys during the Eocene to Oligocene [Allen and Armstrong, 2008; DeCelles et al.,
1998; Dupont-Nivet et al., 2010; Garzanti et al., 1987; Jolivet and Faccenna, 2000; Vincent et al., 2007; Yin, 2010].
In southern Russia, Abkhazia, and western Georgia, Mesozoic-Cenozoic upper plate processes are exempliﬁed
by the formation of the western Greater Caucasus Basin (wGCB) and its subsequent inversion and closure that
led to the initial uplift of the western Greater Caucasus (wGC) (Figure 2). In this contribution, we (1) provide
insights into the rift history of the wCGB from subsidence modeling; (2) summarize earlier work that con-
strains the initiation of later, compressional events to the latest Eocene-earliest Oligocene; and (3) augment
them with additional evidence for paleoaltitudes in the wGC of ~1700–2400m from the early Oligocene
onward. These data are incompatible with recent studies that propose that wGCB closure and wGC uplift
occurred approximately 5Ma ago [e.g., Avdeev and Niemi, 2011; Forte et al., 2014; Mumladze et al., 2015],
and a revision of these models is therefore suggested.
2. The Western Greater Caucasus Basin
The southern slope of the wGC is dominated by outcrops of up to 15.5 km of Jurassic to Eocene sediments
(Figure 3, log B). These were deposited in the western segment of an extensional, or more likely transten-
sional, basin termed the Greater Caucasus Basin [Adamia et al., 2011a; Golonka, 2004; Nikishin et al., 2012;
Saintot et al., 2006; Zonenshain and Le Pichon, 1986] (Figure 2). The basin developed between what is now
the crystalline core of the wGC to the north and the Transcaucasus (the Rioni and Kartli Basins and Dziruli
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Massif) and its offshore equivalent, the Shatskiy Ridge, to the south [Adamia et al., 1977; Adamia et al., 1992;
Adamia et al., 2011b]. The basement to the wGCB is not exposed but is likely to have been hyperextended
continental lithosphere; there is no evidence for oceanic lithosphere [Ershov et al., 2003; McCann et al.,
2010; Nikishin et al., 2001; Saintot et al., 2006].
The ﬁll of the wGCB is characterized by siliciclastic turbidite, calciturbidite, and hemipelagic mudstone and
marl deposits, although Early and Middle Jurassic and mid-Cretaceous volcanic rocks are also present
[Adamia et al., 1992; Korsakov et al., 2002; Lavrishchev et al., 2002; Lavrishchev et al., 2000; McCann et al.,
2010; Saintot et al., 2006] (Figure 3). Sedimentation within the wGCB was initiated in the Sinemurian
(Figures 3 and 4). Modeling indicates that the main rift phase took place during the Aalenian to
Bajocian when ~7.4 km of tectonic subsidence and loading occurred (Figure 4). Fault-bounded progressive
unconformities [Saintot et al., 2006], volcanism, and facies and thickness variations are observed at outcrop
within strata of these ages. Rifting was followed by a thermal-sag phase during the Bathonian to Eocene
(Figure 4). Secondary phases of rifting with associated tectonic subsidence and loading are superimposed
on this primary thermal signal and were responsible for an additional ~5.2 km of subsidence (Figure 4).
These rift episodes occurred during the late Tithonian to Berriasian, Hauterivian to early Aptian, and late
Campanian to Danian (Figure 4). Normal faulting migrated outward into the former margins of the
wGCB as secondary rifting proceeded, resulting in changes in the locus of deposition. Parts of the basin
ﬁll were subsequently thrust southward over the autochthonous southern margin of the basin obscuring
this contact. Crude estimates of the former width of the wGCB vary from 80 km [Nikishin et al., 2010] to
200–300 km [Ershov et al., 2003]; these are based on cross-section balancing and lithospheric area
conservation, respectively.
The basements to the northern and southern ﬂanks of the wGCB are exposed as the crystalline core of the
wGC and as the Dziruli Massif, respectively (Figure 2). On the northern ﬂank, the basement is unconformably
overlain by either Late Carboniferous to Permian, Triassic, or Jurassic sediments [Lavrishchev et al., 2002;
Somin, 2000]. On the southern ﬂank, it is unconformably overlain by Late Carboniferous, Jurassic,
Cretaceous, or Cenozoic sediments [Kandelaki and Kakhadze, 1956; Mayringer et al., 2011]. This indicates that
these basement areas have been at or near surface for much of the Late Paleozoic to Cenozoic. The
Figure 1. Tectonic map of the Black Sea-Caspian region showing the Greater Caucasus and its regional context in the Arabia-Eurasia collision zone. Modiﬁed from
Okay and Tüysüz [1999] and Sosson et al. [2010]. Abbreviations: UB = Ulus Basin; ATB = Adjara-Trialet Basin; TB = Talysh Basin.
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sedimentary successions overlying the basement to the ﬂanks of the basin are thinner than in the wGCB itself
and are punctuated by numerous hiatuses (Figure 3).
Jurassic to Eocene sediments preserved along the northern ﬂank of the crystalline core of the wGC are
~4.0 km thick in the region south of Maykop (Figures 2 and 3, log A). They are dominated by shallow-water
siliciclastic sediments, derived from the Russian and Scythian platforms to the north, that were deposited
on the northern shelf of the wGCB.
Late Jurassic to Eocene sediments in the northern Transcaucasus are ~1.5 km thick in the region east of Sochi
and are dominated by shallow-water carbonates (Figures 2 and 3, log C). These were deposited on the south-
ern shelf of the wGCB. Older rocks do not crop out here, although to the southeast, Early and Middle Jurassic
rocks are dominated by shallow-water to lagoonal-lacustrine, mixed carbonate and siliciclastic rocks but also
contain a thick Bajocian island arc volcanic and volcaniclastic interval [Adamia et al., 2011b]. The paucity of
siliciclastic material on the southern shelf of the wGCB was due to the isolated nature of the northern
Transcaucasus between the wGCB to the north and the proto or actual eastern Black Sea to the south.
Figure 2. Geology map of the western Greater Caucasus and adjacent areas showing the approximate extent of the now inverted western Greater Caucasus Basin
depocenter and the divergent pattern of Oligocene and younger paleocurrents on either ﬂank of the range. Southerly directed paleocurrents (and crystalline
material derived from the core of the range) on what was the southern ﬂank of the western Greater Caucasus Basin indicate that the basin must have closed prior to
Oligocene deposition. Note the local radial paleocurrent pattern around the Dziruli Massif that indicates that this was also a local sediment source. Data from sections
A–E are shown in Figures 3–5. See Figure 1 for the regional context of the area. Abbreviation: DM=Dakhovskiy Massif.
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3. Basin Inversion and the Uplift of the Western Greater Caucasus
Oligocene and younger sediments are absent in the region of the former wGCB along the southern slope
of the wGC (Figures 2 and 3). On the former shelves of the basin, the Eocene-Oligocene transition is
marked by an increase in sedimentation and subsidence rates (Figures 3 and 4, logs A and C) and the
development of the mudstone-dominated Maykop Series, as it is across much of eastern Paratethys
[Allen and Armstrong, 2008; Vetö, 1987]. Modeled subsidence patterns are characteristic of ﬂexure
Figure 3. Summary composite stratigraphic logs illustrating (1) Jurassic to Eocene thickness and lithological variations
between the former ﬁll of the western Greater Caucasus Basin and its margins and (2) their subsequent Oligo-Miocene
inversion to form the southern slope of the western Greater Caucasus and its forelands. The approximate positions of the
logs are shown in Figure 2. A more detailed location map, input data, and data sources are presented as Text S1, Figure S1,
and Tables S1–S3 in the supporting information. The time scale is from Gradstein et al. [2012].
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Figure 4. Backstripped decompacted burial history plots for the western Greater Caucasus Basin (B) and its northern (A) and southern (C) margins. See Figures 2 and
S1 for the location of the composite sections (shown in Figure 3) that were used in this analysis. Thickness, lithology, and biostratigraphic input data are derived from
transects constructed during 1:50,000 and 1:200,000 scale mapping (that include our own observations [e.g., Lavrishchev et al., 2002, 2000]) and subsequent analyses.
Paleowater depth estimates are based on facies interpretations, lithology, and fauna. These data and their sources are presented as Text S1 and Tables S1–S3 in
the supporting information, as are sensitivity tests of the input data (Text S2, Figures S2–S4, and Table S4). The composite curve B shows four rapid subsidence events
with exponential decay curve characteristic of a rifting event followed by thermal subsidence of the crust. A modeled thermal history subsidence curve was
calculated [McKenzie, 1978] using four rift events: Aalenian–Bajocian, late Tithionian–Berriasian, Hauterivian–early Aptian, and late Campanian–Danian, assuming
tectonic accommodation and sediment loading of 7.4, 1.1, 2.1, and 2.0 km and beta factors of 1.15, 1.1, 1.15, and 1.05. These modeled events are shown as a dotted
composite subsidence line. Subsidence curves A and C extend the basin history toward the present and show a very different pattern. Only minor Jurassic to Eocene
subsidence events are evident in these curves. Instead, steady deposition and sediment loading produce the majority of the observed subsidence that then
accelerates markedly at the beginning of the Rupelian (34Ma) in both curves. This pattern is consistent with ﬂexural loading most likely caused by crustal thickening
during the inversion of the western Greater Caucasus Basin and growth of the western Greater Caucasus. Note that ﬂexure subsidence is most pronounced in curve C
due to the asymmetric, southerly vergence of the range in this region [see Forte et al., 2014]. The time scale is from Gradstein et al. [2012].
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(Figure 4), consistent with regional seismic data that image the thickening of the Maykop Series toward
the wGC within the Tuapse and Indolo-Kuban foreland basins to its south and north, respectively [e.g.,
Nikishin et al., 2010].
At its type section, near the town of Maykop, the base of the Maykop Series is conformable and is marked by a
switch from carbonate to siliciclastic deposition; farther to the west a stratigraphic gap is more typical
[Akhmetiev et al., 1995]. Olistostromes mark this hiatus at a number of outcrops on either side of the wGC
in Russia [Vincent et al., 2007] (Figure 2). Olistoliths are typically dominated by Paleogene and Late
Cretaceous sediments, although on the northern side of the range meta-igneous and meta-sedimentary
basement clasts are also present. Published seismic data from the Tuapse Trough [Afanasenkov et al., 2007]
and unpublished subsurface data from the Indolo-Kuban Trough indicate that a number of olistostrome units
are present in the Maykop Series and that much of the lower part of the succession may be condensed or
missing due to pinch out and onlap onto active structures.
Paleontological analyses of the Eocene-Oligocene transition in west Georgia reveal a number of signiﬁcant
trends (Figure 5, log E). Levels of nannofossil reworking increase from ~1% below to up to ~30% 15m above
the transition [Vincent et al., 2007]. Levels of palynological reworking jump ~20% at the transition and the per-
centage of terrestrial (principally montane) in situ palynomorphs increases from ~15% below to up to ~85%
40m above the transition.
Above the Eocene-Oligocene transition, levels of nannofossil reworking in west Georgia remain high, varying
between ~10 and 65% for the rest of the Maykop Series [Vincent et al., 2007] (Figure 5, log E). Similar or higher
levels of microfossil and nannofossil reworking in the Maykop Series have been reported from elsewhere
along the ﬂanks of the wGC [Jones and Simmons, 1996; Lozar and Polino, 1997]. Palynomorph reworking levels
vary between 1 and 11% for the rest of the Maykop Series in west Georgia and between 3 and 16% through-
out the series in Russia (Figure 5). The percentage of terrestrial in situ palynomorphs varies between ~65 and
80% for the rest of the Maykop Series in west Georgia and between ~50 and 95% throughout the series in
Russia (Figure 5).
Data derived from the coarse siliciclastic components of the Maykop Series show (1) divergent paleocurrents
away from the axis of the wGC (Figure 2) and (2) heavy mineral compositions on either side of the range that
are similar to each other and to Jurassic-Eocene sandstones in the wGC itself [Vincent et al., 2007]. These
observations demonstrate a shared wGC source for these sandstones and hence constrain the minimum
age of coarse siliciclastic derivation from parts of the range. In the Sochi region, these sediments are early
Oligocene in age (Figure 5, log D). Where coarse siliciclastic components are not present in the early
Oligocene part of the series, a basal hiatus and olistostrome deposition and/or an increase in the degree of
micropaleontological reworking also constrain initial uplift and sediment derivation from the wGC to the ear-
liest Oligocene (e.g., Figure 5, log E). Spectacular Maykop Series turbidite fans derived from the wGC have
been imaged on 3-D seismic data within the Tuapse Trough [Mityukov et al., 2011]. The volume of derived
sediment, the large percentage of terrestrial in situ palynomorphs, and evidence for varying degrees of sur-
face weathering revealed in heavy mineral data [Vincent et al., 2013; Vincent et al., 2011] all indicate that this
sediment source was primarily subaerial. An Eocene-Oligocene transition eustatic base-level drop of ~55m
[Miller et al., 2005], which was possibly enhanced in the Black Sea region [Tari et al., 2013], may have accen-
tuated initial wGC emergence. However, this was not its primary cause as the region remained a subaerial
sediment source during subsequent early Oligocene eustatic sea level rise [Vincent et al., 2007].
Petrography, provenance, ﬁssion track, and U-Pb zircon dating analysis indicate that Oligocene and younger
sediments derived from the wGC comprise a mixture of ﬁrst-cycle material from the crystalline core of the
range (formerly the northern margin of the wGCB) and recycled material from the inverting wGCB [Vincent
et al., 2013; Vincent et al., 2007; Vincent et al., 2011]. Western Greater Caucasus-derived material deposited
on what previously had been the southern margin of the basin constrains the minimum age of wGCB closure
to the earliest Oligocene. Palynological data indicate that it is variation in the age and nature of material
recycled from the wGCB that is responsible for along-strike variations in the composition (and potential reser-
voir quality) of sediments derived from the range [Vincent et al., 2014]. Fission track data provide evidence for
pulses of exhumation in the wGC during the Oligocene to Pliocene and limit the overall amount of Cenozoic
exhumation from the crystalline core of the range (i.e., its former northern margin) to ~2.5 km [Vincent
et al., 2011].
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4. Discussion and Implications
4.1. Jurassic to Eocene Evolution
Up to 15.5 km of Jurassic to Eocene sediments are present in our wGCB composite section. This value is an
estimate because of the necessity to collate data from a number of different, evolving depocenters/
tectonostratigraphic zones within the basin and because of the regionˈs highly complex postdepositional
tectonic evolution (see Text S1 in the supporting information for context). This thickness is, however, similar
Figure 5. Simpliﬁed logs through late Eocene to early Miocene strata on the southern side of the western Greater Caucasus.
See Figure 2 for the log locations. Note the marked increase in nannofossil and palynomorph reworking and the proportion
of in situ montane palynomorphs at the Eocene-Oligocene transition. It is argued here that this reﬂects the development of
the western Greater Caucasus as a mountainous sediment source area at this time due to the closure and inversion of the
western Greater Caucasus Basin. Sea level fall [Miller et al., 2005] and global cooling [Zachos et al., 2001] at the Eocene-
Oligocene transition will have accentuated these trends. The raw palynological data and the deﬁnition of the different
paleoenvironmental groupings are contained in Text S3 and Figures S5–S10 in the supporting information. The sedimen-
tary logs and nannofossil reworking data are from Vincent et al. [2007].
Tectonics 10.1002/2016TC004204
VINCENT ET AL. WESTERN GREATER CAUCASUS EVOLUTION 2954
to an estimate of 15 km from the same region by Korsakov et al. [2002] and to an estimate of 12–15 km from
farther east, in the Georgia sector of the basin, by Saintot et al. [2006]. In the South Caspian Basin, thought by
many to be the uninverted continuation of the Greater Caucasus Basin [Brunet et al., 2003; Zonenshain and Le
Pichon, 1986], up to 20 km of Mesozoic to Eocene sediments has been recorded immediately to the south of
the Apsheron Ridge [Green et al., 2009].
Rapid Aalenian to Bajocian subsidence in the wGCB is synchronous with rifting in the eastern Alborz [Fürsich
et al., 2005] and, by implication, in the South Caspian Basin [Brunet et al., 2003; Fürsich et al., 2009]. Episodes of
Early to Middle Jurassic extension also occurred in the East Balkans of Bulgaria [Georgiev et al., 2001;
Tchoumatchenco, 2006; Vangelov et al., 2013] and the Sakarya Zone of northern Turkey [Koçyiğit and Altıner,
2002; Ustaömer and Robertson, 2010; Yılmaz and Kandemir, 2006]. Regional extension/transtension occurred
in a back-arc position and was driven by slab roll-back of the northerly subducting Neotethys Ocean [Kazmin
et al., 1986; Zonenshain and Le Pichon, 1986] (Figure 6a).
Changes in Neotethyan subduction geometry may have been responsible for a widespread phase of mid-
Jurassic inversion known as the “the mid-Cimmerian Orogeny” [e.g., Nikishin et al., 2012]. This is the probable
cause of rapid late Bajocian-early Bathonian subsidence and middle-late Bathonian uplift on the northern
ﬂank of the wGCB and for a Bathonian-middle Callovian hiatus in the wGCB itself (Figure 4). The exact nature
and intensity of deformation associated with this event are poorly constrained (see Saintot et al. [2006], pp.
281–282 for discussion), particularly in the wGCB. Granitic and metamorphic clasts in late Bajocian basinal
facies [Korsakov et al., 2004] were probably derived from the basement of the northern ﬂank of the basin
(map patterns indicate that the Dakhovskiy Massif was exposed at this time). Continental or shallow-water
facies are not present in sediments underlying or overlying the hiatus in the center of the wGCB, suggesting
that the basin remained at least partially open and that erosion/nondeposition here occurred in a deep-
marine setting.
Low rates of subsidence, in line with that modeled for the main thermal-sag phase, occurred during the
Bathonian to early Tithonian in the wGCB (Figure 4). On the margins of the basin, shallow-water
carbonate/evaporite deposition was established during the late Callovian and continued until the Tithonian.
Within the wGCB, our modeling data indicate an episode of increased subsidence during the late Tithonian to
Berriasian (Figure 4). On the northern basin margin, in the Maykop region, a hiatus occurs between mid-
Tithonian and mid-Berriasian strata that may be a response to this subsidence event. On the southern basin
margin, in the Sochi (Akhtsu) region, a hiatus occurs between Tithonian and Cenomanian strata.
A second, subsidiary, episode of increased subsidence is recorded in the wGCB in the Hauterivian to early
Aptian (Figure 4). Early Cretaceous rifting has been identiﬁed around the margins of the Black Sea, although
the precise age of rift inception is subject to revision and is most likely diachronous. Late Barremian synrift
sediments are present on rift ﬂanks in the central Pontides [Hippolyte et al., 2010; Tüysüz, 1999]. Basinal sedi-
mentation will have commenced earlier than this, and Hauterivian sediments have been identiﬁed in the Ulus
Basin [Hippolyte et al., 2010]. Valanginian and pre-Hauterivian rift onset ages have been obtained from wes-
tern and eastern Crimea, respectively [Hippolyte et al., 2014; Nikishin et al., 2015b; Sheremet et al., 2016]. Thus,
Hauterivian to early Aptian accelerated subsidence in the wGCB appears to form part of a wider phase of rift-
ing that is likely to have affected the western and, possibly, eastern Black Sea Basins. The late Tithonian to
Berriasian phase of accelerated subsidence in the wGCB has yet to be identiﬁed elsewhere but may mark
the initiation of this process.
Oceanic spreading in the western Black Sea probably occurred during the Cenomanian to early Santonian
interval [Görür, 1997; Nikishin et al., 2015a]. This event is not manifest in the subsidence history of the
wGCB, although it does coincide with the inundation of the southern margin of the basin (the northern ﬂank
of the eastern Black Sea) following post-Tithonian emergence (Figure 4).
A third phase of subsidiary wGCB-accelerated subsidence is apparent beginning in the late Campanian and
climaxing in the late Maastrichtian to Danian (Figure 4). Pre-Danian to syn-Danian sinistral transtension
recorded in the wGCB had previously been linked to the opening of the eastern Black Sea [Saintot and
Angelier, 2002]. We attribute this subsidence phase to the same cause (Figure 6b).
Existing age estimates for the opening of the eastern Black Sea vary widely, ranging from being broadly
synchronous with the western Black Sea [Nikishin et al., 2015a, 2015b] through to the Thanetian-Ypresian
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[Banks et al., 1997; Robinson et al., 1995] or even Lutetian-Bartonian [Kazmin et al., 2000; Vincent et al., 2005;
Yılmaz et al., 2000]. A latest Cretaceous-earliest Paleocene age for eastern Black Sea opening wouldmean that
it predated the late Paleocene to early Eocene hard collision of the Niğde-Kırşehir and Anatolide-Tauride
Blocks with the Sakarya Continent that marked the ﬁnal closure of northern Neotethys [Okay and
Şahintürk, 1997; Robertson et al., 2014; Sosson et al., 2010], thus providing a subduction-driven context for
Figure 6. (a–d) Schematic cross sections across the southern active margin of Eurasia during key time intervals in the evolution of the western Greater Caucasus
Basin and the western Greater Caucasus. The section runs approximately along the 40°E line of longitude (see Figure 1 for the location). The reconstructions are
based on the authorsˈ work, Barrier and Vrielynck [2008], and references cited in the text.
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extension. It would also make opening largely contemporaneous with a phase of middle Campanian to
Thanetian, extension and gravity ﬂow deposition at the northern margin of the eastern Pontides [Hippolyte
et al., 2015] and Campanian or Maastrichtian to Danian oroclinal bending of the central Pontides [Meijers
et al., 2010]; both of which are compatible with this process. Magnetic anomaly studies yielded a potential
latest Campanian-Maastrichtian age for oceanic spreading [Shreider, 2005]. Ultimately, however, until seismic
data are constrained by biostratigraphic well ties in the basin, the timing of the opening of the eastern Black
Sea will remain enigmatic.
4.2. Post-Eocene Evolution
Numerous workers have identiﬁed a phase of late Eocene or latest Eocene-earliest Oligocene south vergent
deformation in the wGC and ﬂexure of the adjacent crust [e.g., Ershov et al., 2003; Mikhailov et al., 1999;
Nikishin et al., 2010; Nikishin et al., 1998; Nikishin et al., 2015a; Nikishin et al., 2001; Saintot and Angelier,
2002; Saintot et al., 2006]. This points to a tectonic origin for the closure of the wGCB and uplift of the wGC
as outlined above.
The marked inﬂux of in situ terrestrial, and in particular montane, palynomorphs from the base of the
Oligocene onward provides additional insights into the topographic evolution of the range. The montane
element of the assemblages is dominated by saccate gymnosperm pollen, principally undifferentiated
Pinaceae (Pine). The modern forms of Pinaceae found in this study occur in temperate regions and in moun-
tainous areas of tropical regions today [Vidakovic, 1991]. They represent early pioneer trees often growing in
disturbed habitats; hence, if their habit is assumed to have been the same in the past, the actively uplifting
wGC would have provided ideal conditions for them to ﬂourish [Galloway et al., 2015]. There are also sporadic
records of Abiespollenites spp. (Fir), Piceaepollenites (Spruce), and Tiliapollenites (Lime). Together, these point to
an origin from humid forests which in themodern-day western Caucasian (Colchic) region (that equates to the
study area) are most similar to the Abies nordmanniana and Picea orientalis forests of Gulisashvili et al. [1975]
and the nemoral humid coniferous forest zone (IC) of Zazanashvili et al. [2000]. These altitudinally deﬁned
vegetation zones have optimal ranges of 1600–2100m and 1440–1800m, respectively. These paleoclimatic
estimates are in agreement with recently modeled early Oligocene Biome4CO2 vegetationmodel results from
the HadCM3L coupled ocean-atmosphere general circulation model that show that the Caucasus Mountain
region would have been covered by a warmmixed forest biome [Getech, 2014]. Mean average paleotempera-
tures in the canopy zone at sea level at Suchumi during the early Oligocene have been calculated at 16.5°C
[Getech, 2014], slightly above those for the present day (14.4°C). Given average lapse rates of 6.4°C/km, this
suggests that themodern-day vegetation zones may have been displaced upward by ~300m during the early
Oligocene. In conclusion, this would suggest altitudes in the southern catchments of the wGC during the early
Oligocene of at least 1700m, most likely around 2000m, and possibly at much as 2400m.
The ultimate driver for wGC uplift at the Eocene-Oligocene transition is controversial. There are two potential
mechanisms: (1) northern Neotethyan closure and collision of the Pontide-Transcaucasus and Tauride-
Anatolide regions along the İzmir-Ankara-Erzincan-Sevan-Akara suture zone or (2) partial southern
Neotethyan closure and initial Arabia-Eurasia collision along the Bitlis-Zagros suture.
Closure of northern Neotethys, while diachronous, is reasonably well constrained to occur between the late
Paleocene and early Eocene [Boztuğ et al., 2004; Okay and Şahintürk, 1997; Okay and Tüysüz, 1999; Rice et al.,
2006; Robertson et al., 2014; Yılmaz et al., 1997]. On the southern ﬂank of the central Pontides, compressional
deformation continued until the early Miocene [Kaymakcı et al., 2009]. Uplift of the wGC could be placed in
this context, forming part of an orogenic phase that commenced in the Paleocene-Eocene and which
migrated northward to the Caucasus region by the Oligocene. Earliest Cenozoic deformation north of the
central Pontides, onshore Crimea, however, is sealed by a middle-early Eocene unconformity [Afanasenkov
et al., 2007; Nikishin et al., 2015b; Sheremet et al., 2016]. In the eastern Pontides and Lesser Caucasus, deforma-
tion is also typically sealed bymiddle Eocene shallow-marine deposition [Okay and Şahintürk, 1997; Robertson
et al., 2014; Sosson et al., 2010; Yılmaz et al., 1997]. Widespread, predominantly middle Eocene volcanism is
generally considered to be postcollisional and attributed to either slab break off [Dilek and Altunkaynak,
2009; Genç and Yılmaz, 1997; Keskin et al., 2008] or orogenic collapse [Topuz et al., 2011]. Volcanism was
accompanied by transtensional basin formation at the southern margin of the Transcaucasus (i.e., the
Talysh and Adjara-Trialet Basins [Adamia et al., 1977; Nikishin et al., 2001; Vincent et al., 2005]). These observa-
tions are difﬁcult to reconcile with a model of progressively northward migrating deformation.
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Instead, uplift of the wGC is thought to be triggered by the initiation of Arabia-Eurasia collision [Allen and
Armstrong, 2008; Vincent et al., 2007]. Similar late Eocene-early Oligocene events have been recorded farther
to the east along the northernmargin of the collision zone in the Talysh [Madanipour et al., 2013; Vincent et al.,
2005], Alborz [Rezaeian et al., 2012; Ballato et al., 2011], and Kopet-Dagh [Robert et al., 2014], and, less pre-
cisely, within the Oligocene along the southern margin of the collision zone in the Zagros [Agard et al.,
2005; Fakhari et al., 2008], southern Turkey [Akıncı et al., 2016; Boulton, 2009; Robertson et al., 2016], and north-
ern Syria [Hardenberg and Robertson, 2007]. These all suggest a change in kinematic regime across a larger
region than that affected by the closure of northern Neotethys. In this model, the initiation of continent-
continent collision at the northern tip of the Arabian indentor would have rapidly transferred stresses across
the highly heterogeneous collision zone to its northern margin [Vincent et al., 2007], where the extended con-
tinental crust of the Greater Caucasus and Talysh and Adjara-Trialet Basins formed zones of preexisting weak-
ness that focused deformation [cf. Ziegler et al., 1998] (Figure 6c). Early on, parts of the collision zone
remained submarine, although increasing biostratigraphical divergence in marine faunas in the Oligocene
imply progressively narrowing seaways that culminated in mammalian exchange in the latest Oligocene to
early Miocene [Harzhauser et al., 2007; Kappelman et al., 2003]. A transition from “soft” to “hard” collision prob-
ably occurred in the early Miocene [Ballato et al., 2011]. This was associated with overthrusting of the Bitlis
suture zone [Akıncı et al., 2016] and with early to middle Miocene deformation and crustal thickening identi-
ﬁed in multiple studies across the region [e.g., Ballato et al., 2011; Mouthereau et al., 2012; Robertson et al.,
2016, and references therein] (Figure 6d). Therefore, while further work is required to test these alternative
models, the authors believe that Mio-Pliocene crustal cooling [e.g., Axen et al., 2001; Okay et al., 2010] should
be interpreted in this context rather than as evidence for the inception of collision.
Avdeev and Niemi [2011] used thermochronometric data tomodel a fourfold or greater increase in the cooling
rates of the crystalline core of the wGC between the volcanic centers of Mount Elbrus and Mount Kazbek in
the early Pliocene (from approximately 5Ma). This they interpreted to result from either (1) the Pliocene clo-
sure of the (oceanic) wGCB and the onset of throughgoing continent-continent collision in this part of the
Arabia-Eurasia collision zone or (2) the Pliocene migration of deformation away from the uplifted
Turkish-Iranian Plateau into the Caucasus region. In their preferred former option, modest Oligo-Miocene
cooling in the wGC was linked to the onset of subduction of the wGCB beneath its northern margin. The
wGCB subduction model has subsequently been adopted by a number of other authors [e.g., Forte et al.,
2014; Mumladze et al., 2015] to argue for the relative youth of the range and to explain the presence of deep
earthquakes north of the central and eastern Greater Caucasus, respectively.
While the causes of wGC Pliocene cooling are unclear, both of the hypotheses of Avdeev and Niemi [2011] are
incompatible with the evidence outlined above. In particular, the identiﬁcation of Oligo-Miocene sediments
on the former southern margin of the basin derived from the north, from both the former northern margin of
the wGCB and from the ﬁll of the basin itself, indicates that there cannot have been an open, subducting,
oceanic wGCB in the Oligo-Miocene. Likewise, the presence of high altitudes within the wGC from the earliest
Oligocene onward do not support their second hypothesis and counters the notion “that the Greater
Caucasus became a highstanding orogen no earlier than Pliocene time” [Avdeev and Niemi, 2011, p. 10] or
that “topographic development within the Greater Caucasus began at ~5Ma” [Forte et al., 2014, p. 2095].
The interpretation of Mumladze et al. [2015] of a northward subducting slab beneath the central and eastern
Greater Caucasus is compatible with earlier observations [e.g., Allen et al., 2002;Mellors et al., 2012; Skobeltsyn
et al., 2014], although the nature of the lithosphere, and thus whether this is true subduction or underthrust-
ing, remains unclear. However, rather than needing to explain the lack of deep earthquakes (>50 km)
beneath the wGC to be due to slab break off and detachment [Mumladze et al., 2015], an alternative explana-
tion would be that subduction simply has not occurred beneath this region or, at any rate, certainly not since
the Eocene.
5. Conclusions
The western Greater Caucasus Basin formed close to the southern margin of Laurasia due to Mesozoic
extensional/transtensional events controlled by northward Tethyan subduction. Deepwater, basinal
Jurassic to Eocene deposits are at least 3.9 times thicker than their shallow-water, marginal equivalents
(Figure 3). The main subsidence phase in the western Greater Caucasus Basin was during the Aalenian to
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Bajocian (Figure 4), making it contemporaneous with rifting in the eastern Alborz and possibly the South
Caspian Basin. Secondary subsidence events are more difﬁcult to place in their regional context. Late
Tithonian to Berriasian and Hauterivian to early Aptian events were probably synchronous with early rift
phases in and around the western and possibly eastern Black Seas. An episode of accelerating subsidence
during the late Campanian to Danian may provide evidence for the timing of eastern Black Sea opening
(Figure 4).
Western Greater Caucasus Basin closure and initial inversion occurred at the Eocene-Oligocene transition.
This was associated with increased sedimentation rates on the former margins of the basin (Figure 3) as they
underwent ﬂexure (Figure 4). Material shed from the eroding former northern margin of the basin was depos-
ited on its southern margin. High montane palynomorph assemblages within deposits south of the range
indicate that early Oligocene elevations in the western Greater Caucasus were at least 1.7 km and possibly
as much as 2.4 km. These ﬁndings preclude the post-Eocene presence of a large oceanic basin within the
Arabia-Eurasia collage in the region of the western Greater Caucasus and point to the rapid topographic
growth of the western Greater Caucasus following western Greater Caucasus Basin closure. Both factors need
to be taken into consideration when modeling the timing and geodynamic evolution of the Arabia-Eurasia
collision zone.
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